Abstract: Plants have evolved strategies of stimulating and supporting specific groups of antagonistic microorganisms in the rhizosphere as a defense against diseases caused by soilborne plant pathogens owing to a lack of genetic resistance to some of the most common and widespread soilborne pathogens.
Introduction
Genes encoding resistance to foliar pathogens are abundant in most plant species, but resistance to many of the most common and widely-occurring soilborne plant pathogens (i.e., Gaeumannomyces graminis, Pythium spp., Rhizoctonia spp., and many Fusarium spp.) is lacking. As an alternative, plants have evolved a strategy of stimulating and supporting specific groups of antagonistic microorganisms from the thousands of beneficial, neutral, and deleterious species in the rhizosphere environment (Andrews and Harris, 2000) as a defense against diseases caused by soilborne pathogens . The loss of large quantities of organic materials (rhizodeposition) in the form of exudates, secretions, lysates, and gases from roots pushing through soil (Campbell and Greaves, 1990; Morgan and Whipps, 2001 ) is the driving force for the enrichment and proliferation of microbial populations around the root, known as the rhizosphere effect (Whipps, 2001 ). The quality and quantity of materials lost from roots differ among crop species and varieties, and many studies have documented the effect of the plant on microbial communities (Atkinson et al., 1975; Marschner et al., 2004; Miller et al., 1989; Wieland et al., 2001 ) and on specific groups of bacteria Lemanceau et al., 1995; Mavingui et al., 1992; Mazzola and Gu, 2000; .
Antagonistic microorganisms suppress pathogens by one or more mechanisms depending on the antagonist involved: competition for carbon and nitrogen as nutrients and signals; competition for iron; preemptive competitive (niche) exclusion from favored sites or infection courts; induction of systemic resistance; and direct pathogen inhibition by anti-microbial metabolites (i.e., antibiotics, HCN etc.). In addition, some antagonists can also directly stimulate the growth of the plant by increasing the supply of mineral nutrients (i.e., phosphorus solubilization), nitrogen fixation, or production of or reducing the levels of phytohormones (i.e., indoleacetic acid, ethylene etc.). These topics have been extensively reviewed in the last decade (Chin-A-Woeng et al., 2003; Glick, 1995; Haas and Defago, 2005; Haas and Keel, 2003; Handelsman and Stabb, 1996; Raaijmakers et al., 2002 Raaijmakers et al., , 2006 Thomashow and Weller, 1995; van Loon and Bakker, 2005; van Loon et al., 1998; Whipps, 1997 Whipps, , 2001 ).
Disease Suppressive Soils

Specific and general suppression
Disease suppressive soils provide the best examples of plant roots stimulating and supporting soil microorganisms as a defense against soilborne pathogens . Suppressive soils are defined as soils in which the pathogen does not establish or persist, establishes but causes little damage, or establishes and causes disease for a while but thereafter the disease is less important although the pathogen may persist in the soil (Baker and Cook, 1974) . Most suppressive soils owe their activity to a combination of "specific" and "general" suppression. General suppression is a characteristic of essentially all soils to inhibit the growth and activity of soilborne pathogens to a limited extent, owing to the activity of the total microbial biomass in soil competing with the pathogen (Cook and Rovira, 1976; Weller et al., 2002) . General suppression is not transferable between soils; is reduced by steaming and eliminated by sterilizing the soil; and may be increased by practices that enhance the microbial activity of the soil (Baker and Cook, 1974; Weller et al., 2002) . When inoculum of a pathogen is added to a non-treated soil and to the same soil that has been sterilized, the effect of general suppression is manifested in the development of less disease on the host plant in the non-treated as compared to the sterilized soil . Soils that express only this basal level of disease inhibition are considered conducive or nonsuppressive soils. Specific suppression is superimposed over the background of general suppression. It is highly effective; results from individual or select groups of microorganisms; is transferable by adding small amounts of suppressive to a conducive soil; and generally is eliminated by pasteurizing (55 -60 8C, 30 min) or fumigating (methyl bromide) the soil (Cook and Rovira, 1976; Gerlagh, 1968; Shipton, 1975; Weller et al., 2002) . Suppressive soils are characterized as "long standing," meaning that the suppressiveness to a disease is naturally associated with the soil, its origins are not known, and it persists in the absence of plants. Other suppressive soils are "induced," meaning that suppressiveness is initiated and sustained by crop monoculture, by growing crops susceptible to the disease, or by adding inoculum of the pathogen into the soil (Hornby, 1983 (Hornby, , 1998 Weller et al., 2002) . Suppressive soils have been described worldwide for many different pathogens and some of the best examples include suppression of diseases caused by Gaeumannomyces graminis var. tritici (Gerlagh, 1968; Hornby, 1998; Raaijmakers and Weller, 1998) , Fusarium oxysporum (Alabouvette, 1986 (Alabouvette, , 1990 Alabouvette et al., 1993) , Heterodera avenea (Gair et al., 1969; Kerry, 1988) , Thielaviopsis basicola (Stutz et al., 1986) , Rhizoctonia solani (Roget, 1995; Wiseman et al., 1996) , and Streptomyces scabies (Lorang et al., 1989; Menzies, 1959) . For most suppressive soils, the mechanism(s) of specific suppression has not been fully defined.
Approaches to define suppressiveness "Classical" approaches or strategies listed below most commonly employed to identify microorganisms involved in specific suppression have changed little in 40 years and include A variety of more sophisticated approaches commonly used in microbial ecology are now being applied to characterize microorganisms unique to or in higher densities in suppressive soils (Mazzola, 2004; Garbeva et al., 2004) : for example, analysis of ribosomal RNA genes (rDNA) in microbial communities by denaturing or temperature gradient gel electrophoresis (DGGE/TGGE) (Muyzer and Smalla, 1998) and terminal restriction fragment length polymorphisms (T-RFLP) (Liu et al., 1997; ). When these techniques are used in combination with classical approaches, more rapid characterization of microbial agents and mechanisms responsible for specific suppression is possible than when classical and contemporary approaches are use independently. One of the best examples of this was the application of the non-culture-based analysis of oligonucleotide fingerprinting of ribosomal genes , which helped to demonstrate the importance of Dactylella oviparasitica as a key component in the suppressiveness of a California soil to Heterodera schachtii (Westphal and Becker, 1999 , 2001 .
Take-All Disease of Wheat
Take-all, caused by the soilborne ascomycete Gaeumannomyces graminis var. tritici, remains among the most important root diseases of wheat worldwide, despite being one of those most-studied. In the US alone, take-all reduces farm income by hundreds of millions of dollars annually. This pathogen also attacks barley, rye, triticale, and other related grasses, but to a lesser extent than wheat (Cook, 2003) . Wheat varieties lack resistance to take-all, and methods of chemical control, although available, have had limited success. The best method of controlling take-all is a combination of crop rotation (preferably breaks of two or three years away from a susceptible cereal) and tillage; these practices greatly reduce the inoculum potential of the pathogen in the soil before the next crop of wheat is sown. However, the trends in many cereal-based cropping systems, as in the Pacific Northwest of the USA, are toward several consecutive crops of wheat before a break (for economic reasons) and reduced tillage or direct seeding (for erosion control) (Cook, 2003) . These practices exacerbate take-all and other root diseases. As an alternative to crop rotation, take-all also can be controlled by growing wheat or barley continuously in a field, a practice which results in a spontaneous decline in disease and recovery of crop yields, a phenomenon known as take-all decline (TAD). In the Inland Pacific Northwest, nearly 0.8 million ha of farmland is now cropped continuously or nearly so to rotations of spring wheat, spring barley and winter wheat, and these crops suffer little damage to take-all, owing probably to TAD (Cook, 2006) Take-All Decline TAD, one of the best examples of induced suppression, requires three components in order to develop: monoculture of a susceptible host, the presence of G. graminis var. tritici, and one or more disease outbreaks (Cook and Weller, 1987; Hornby, 1998; Weller et al., 2002) . TAD is a field phenomenon occurring worldwide (Gerlagh, 1968; Hornby, 1998; Shipton, 1975; Simon and Sivasithamparam, 1989; Weller et al., 2002) and its development follows a consistent pattern, with environmental factors and previous history only modulating the speed of its onset. Often four to six crops of wheat or barley are required before the onset of TAD, but the exact number can vary considerably (Shipton, 1975; Weller et al., 2002) .
TAD suppressiveness is transferable to conducive soils in the greenhouse and the field (Cook and Rovira, 1976; Gerlagh, 1968; Raaijmakers and Weller, 1998; Shipton, 1975) , is eliminated by soil pasteurization or fumigation (Cook and Rovira, 1976; Raaijmakers and Weller, 1998; Shipton, 1975) and is reduced or eliminated by breaking monoculture with a non-susceptible crop (i.e., oats) (Cook, 1981; Shipton, 1975) . A field with a long history of TAD regains suppressiveness following an alternate crop once wheat or barley is again grown. TAD effectively suppresses the development of severe disease, but yearly fluctuations in the incidence and severity, ranging from very low to moderate, are a normal part of the dynamic process. In years with weather unfavorable to take-all, the amount of disease may not be sufficient to fully renew the suppressiveness, resulting in weak expression of TAD in the next wheat crop (Hornby, 1998) .
Microbial changes in the bulk soil and/or rhizosphere resulting in antagonism of G. graminis var. tritici have been the mechanisms most commonly reported to be responsible for TAD (Cook, 2006; Hornby, 1998; Weller et al., 2002) . It generally has been thought that different microbial antagonists are responsible for TAD throughout the world because microorganisms from many different taxonomic groups have biocontrol activity against take-all and G. graminis var. tritici is sensitive to forms of antagonism including destruction of hyphae, cross protection, and antibiosis (Deacon, 1976; Dewan and Sivasithamparam, 1989; Kim et al., 1997; Simon and Sivasithamparam, 1989; Weller et al., 1988 Weller et al., , 2002 .
Antibiotic-Producing Pseudomonas spp. and Plant Defense
Antibiotic-producing Pseudomonas spp. are among the most important groups of rhizosphere bacteria contributing to the natural defense of plant roots, and were first implicated in TAD 30 years ago (Cook and Rovira, 1976; Sarniguet and Lucas, 1992; Smiley, 1979; Weller et al., 1988 Weller et al., , 2002 . This group of bacteria is well known for its biocontrol activity against many soilborne pathogens (Haas and Défago, 2005; Thomashow and Weller, 1995; Weller, 1988) and has characteristics consistent with those needed for involvement in specific suppression . The significance of antibiotic production to pathogen suppression in the rhizosphere is demonstrated by the fact that single mutations in antibiotic biosynthetic genes can simultaneously abolish the synthesis of these compounds by pseudomonads and reduce their biocontrol activity. Genetic complementation of the mutants restores both activities (Chin-A-Woeng et al., 1998; Fenton et al., 1992; Gaffney et al., 1994; Keel et al., 1992; Pfender et al., 1993; Pierson and Thomashow, 1992; Thomashow and Weller, 1988) . In addition, antibiotics produced by biocontrol agents are easily isolated from the spermosphere, rhizosphere, and tissues of plants (Bonsall et al., 1997; Kempf et al., 1993; Raaijmakers et al., 1999; Thomashow et al., 1990 Thomashow et al., , 2002 . Pseudomonas spp. that produce broad-spectrum antibiotics including phenazine derivatives, 2,4-diacetylphloroglucinol (2,4-DAPG), pyrrolnitrin, and pyoluteorin, currently are a major focus of biocontrol research, and many of the genes involved in the regulation and synthesis of these compounds are now known (Abbas et al., 2002; Baehler et al., 2005 Baehler et al., , 2006 Bangera and Thomashow, 1999; Corbell et al., 1995; Delaney et al., 2001; Hammer et al., 1997; Heeb et al., 2005; Kay et al., 2005; Kraus and Loper, 1995; Laville et al., 1992; Maurhofer et al., 2004; Mavrodi et al., 1998; Nowak-Thompson et al., 1999; Pechy-Tarr et al., 2005; Pierson et al., 1994 Pierson et al., , 1995 Sarniguet et al., 1997; Schnider et al., 1995; Whistler et al., 1998 Whistler et al., , 2000 .
Phenazine antibiotics
The phenazines include a large family of heterocyclic nitrogencontaining compounds derived via the shikimic acid pathway. Naturally occurring phenazines are produced by members of several bacterial genera (Chin-A-Woeng, et al., 2003; Smirnov and Kiprianova, 1990; Mavrodi et al., 2006; Turner and Messenger, 1986 ). Most phenazines are broadly active against fungi as well as Gram-positive and Gram-negative bacteria (Smirnov and Kiprianova, 1990) due to their ability to undergo oxidation-reduction transformations (Laursen and Nielsen, 2004; Price-Whelan et al., 2006) . Phenazine production is a major mechanism of suppression of take-all by P. fluorescens 2-79 (produces phenazine-1-carboxylic acid, PCA) and P. aureofaciens 30-84 (produces PCA, 2-hydroxyphenazine-1-carboxylic acid, and 2-hydroxyphenazine) Thomashow and Weller, 1988) , and suppression of foot and root rot of tomato (caused by F. oxysporum f. sp. radicis-lycopersici) by P. chlororaphis PCL1391 (produces PCA and phenazine-1-carboxamide) (Chin-A-Woeng, et al., 2000) . Phenazine production also contributes to the ecological fitness of strains 2-79 and 30-84 in soil habitats (Mazzola et al., 1992) . PCA was isolated from the roots and rhizosphere of wheat seedlings (28 to 133 μg PCA/g root) colonized by 2-79 or 30-84 and grown in natural soil (Thomashow et al., 1990) .
In fluorescent Pseudomonas spp., the "core" phenazine biosynthetic pathway includes seven phz genes that confer the ability to synthesize PCA (Chin-A-Woeng et al., 2001; Mavrodi et al., 1998 Mavrodi et al., a, 2006 Pierson et al., 1995) . Products of phzC, phzD, and phzE are similar to enzymes of shikimic acid metabolism and, together with PhzF, are absolutely necessary for phenazine synthesis McDonald et al., 2001) . The key step in the core pathway is the condensation by PhzF of two precursor molecules of 2,3-dihydro-3-oxoanthranilic acid McDonald et al., 2001 ), but efficient conversion of the precursor to PCA also requires PhzA, PhzB, and PhzG, which presumably act downstream of PhzF, perhaps in a multienzyme complex. Once formed, PCA can be modified by a variety of enzymes, giving rise to the diversity of phenazines produced by pseudomonads. One such enzyme is PhzO, an aromatic monooxygenase responsible in P. aureofaciens 30-84 for the hydroxylation of PCA to form 2-OH-PCA and 2-OH-PHZ (Delaney et al., 2001) . Genes enabling the production of pyocyanin a) and phenazine-1-carboxamide (Chin-A-Woeng et al., 2001) also have been described. Because derivatized phenazines differ from PCA in their chemical and physical properties, they also confer new biological activities to the strains that produce them and therefore provide an avenue to biocontrol agents producing natural or recombinant phenazines with greater activity or enhanced target specificity.
2,4-Diacetylphloroglucinol (2,4-DAPG)
The polyketide antibiotic 2,4-DAPG has antiviral, antibacterial, antifungal, antihelminthic, and phytotoxic properties (Bangera and Thomashow, 1999; de Souza et al., 2003 a, b; Haas and Keel, 2003; Isnansetyo, et al., 2003; Kamei and Isnansetyo, 2003; Keel et al., 1992) , and is a key determinant in the biocontrol of root and seedling diseases: black root rot of tobacco, crown and root rot of tomato, pythium damping-off of cucumber, and take-all of wheat by Pseudomonas fluorescens strain CHA0 (Duffy and Défago, 1997; Keel et al., 1992; Schnider et al., 1995) ; pythium damping-off of sugar beet and cyst nematode and soft rot of potato by Pseudomonas fluorescens strain F113 (Cronin et al., 1997 a, b; Shanahan et al., 1992) ; take-all by strains Q8r1-96 and SSB17 (de Souza et al., 2003 b; Pierson and Weller, 1994; Raaijmakers and Weller, 1998) ; and take-all and crown and root rot of tomato by Q2 -87 (Duffy et al., 2004; Pierson and Weller, 1994) . In addition to inhibiting soilborne pathogens in the rhizosphere, 2,4-DAPG produced on the roots of Arabidopsis thaliana was shown to induce resistance to Peronospora parasitica (Iavicoli et al., 2003) and Pseudomonas syringae pv. tomato . The biosynthetic locus includes the five-gene operon phlACBDE (Bangera and Thomashow, 1999 ). Particularly noteworthy is phlD, which is required for the synthesis of phloroglucinol, a precursor of monoacetylphloroglucinol (MAPG) and 2,4-DAPG (Achkar et al., 2005) . PhlD has remarkable homology with members of the chalcone synthase/stilbene synthase (CHS/STS) family of plant enzymes (Bangera and Thomashow, 1999; Ramette et al., 2001) . Amino acid sequence alignments indicate that the putative active site region of PhlD in strain Q2-87 corresponds well with that of CHS/STS family members, which led Bangera and Thomashow (1999) to suggest that the gene may have been transferred from plants to the bacteria colonizing them. The phlACBD genes are flanked downstream by phlE, which encodes a putative export protein (Bangera and Thomashow, 1999) , and upstream by the divergently transcribed phlF, phlG, and phlH genes, encoding respectively a transcriptional regulator of the TetR family that specifically represses expression of the biosynthetic operon (Bangera and Thomashow, 1999; Delany et al., 2000; Haas and Keel, 2003; Schnider-Keel et al., 2000) , an enzyme that degrades 2,4-DAPG to MAPG (Bottiglieri and Keel, 2006) , and a second TetR regulator, the function of which is still unclear (Schnider-Keel et al., 2000) . 2,4-DAPG positively controls its own biosynthesis by preventing the binding of the repressor PhlF to the operator regions upstream of phlA; thus, 2,4-DAPG from one isolate can affect production of the antibiotic by a neighboring isolate . phl F mutants are derepressed for 2,4-DAPG production (Abbas et al., 2002; Delany et al., 2000; Schnider-Keel, 2000; Haas and Keel, 2003) . The phl biosynthetic genes are conserved among all known 2,4-DAPG-producing fluorescent Pseudomonas spp. including isolates from the US, Europe, South America, Asia, and Africa (De La Fuente et al., 2004 , 2006 Keel et al., 1996; Mavrodi et al., 2001 b; Lee and Kim, 2001; McSpadden Gardener et al., 2000) . We use the terms "phlD + fluorescent Pseudomonas spp." and "2,4-DAPG producer" synonymously because among our strains, detection of the gene correlates with the capacity to produce 2,4-DAPG. In cultures of 2,4-DAPG producers, various types of dimers can be isolated in addition to 2,4-DAPG and MAPG. Smirnov and Kiprianova (1990) 
Early studies
In the State of Washington, TAD develops in fields of continuous wheat or wheat alternated with barley in regions of high (820 mm) and moderate (553 mm) rainfall, and under overhead and furrow irrigation. It also develops in direct-seeded (no-till) and conventionally cultivated fields. Efforts to elucidate the role of antagonistic fluorescent pseudomonads in TAD in Washington State focused especially on suppressive soils from irrigated fields near the cities of Lind, Quincy, and Moses Lake, and non-irrigated direct-seeded fields near Pullman and Almota. TAD soils were compared to conducive virgin soils covered with undisturbed native vegetation (grasses and sagebrush) and non-monoculture agricultural soils located near the TAD fields . As with TAD elsewhere in the world, the number of crops of wheat required before the onset of decline varies considerably, and among Washington fields ranges from 4 to 8 years.
Elucidation of the mechanism of specific suppression in Washington State TAD soils has its roots in research begun over 35 years ago by R. James Cook (Cook, 2006) . Eastern Washington provided ideal field settings to explore TAD because after World War II large areas were opened for irrigated agriculture. With the sowing of wheat, take-all (initiated by G. graminis var. tritici colonizing native grasses) rapidly became a serious problem, and subsequently, TAD developed in fields where growers persisted with monoculture wheat. Cook's work validated earlier experimental evidence from The Netherlands (Gerlagh, 1968) and the UK (Shipton, 1972 ) that take-all could be managed in continuous wheat monoculture. An especially dramatic example of the robustness and effectiveness of takeall suppressiveness was seen in a study by Cook (Baker and Cook, 1974; Cook, 2006) in which TAD soil (12th year of continuous wheat monoculture) and virgin, non-cropped soil was collected from fields in Quincy, WA and added (0.5 % w/w, rotovated to a 15-cm depth) to a field 160 km to the west in Puyallup, WA. Prior to adding the Quincy soils, the Puyallup field was fumigated with methyl bromide. The addition of oat-grain inoculum of the take-all pathogen resulted in uniformly devastating take-all in all plots in the first crop of wheat sown, but in the second crop of wheat, plots with the Quincy TAD "starter" soil were strikingly healthy as compared to severe disease in plots with the virgin "starter" soil (Cook, 2006) .
Antagonistic fluorescent Pseudomonas spp. and TAD
Results from a variety of different studies summarized below, suggested that some combination of fluorescent pseudomonads producing either 2,4-DAPG, PCA, and/or other antibiotics played a role in the take-all suppressiveness first demonstrated by Cook and colleagues in Washington TAD soils (Cook, 1981 (Cook, , 2006 Shipton et al., 1973) . 1. Population densities of fluorescent Pseudomonas spp. inhibitory to G. graminis var. tritici were significantly greater on roots from TAD soils than from conducive soils (Weller et al., 1988) . 2. When applied to wheat seeds, fluorescent Pseudomonas spp. from TAD soils provided significantly better protection against take-all than pseudomonads from conducive soils (Weller et al., 1985 . 3. Some of the most effective fluorescent Pseudomonas biocontrol strains isolated from TAD soils produced either 2,4-DAPG (Harrison et al., 1993; Pierson and Weller, 1994; Vincent et al., 1991) or PCA Thomashow and Weller, 1988) . 4. Mutants deficient in 2,4-DAPG or PCA production were greatly reduced in biocontrol activity against take-all and genetically complemented mutants were restored for both antibiotic production and take-all suppression (Keel et al., 1992; Pierson and Thomashow, 1992; Vincent et al., 1991) . 5. The take-all pathogen is highly sensitive to 2,4-DAPG, PCA, and other antibiotics produced by fluorescent pseudomonads. 6. Strains of G. graminis var. tritici insensitive to PCA at 1 μg/ml, and 2,4-DAPG at 3 μg/ml were not controlled by the phenazine-producing strains P. fluorescens 2-79 and P. aureofaciens 30-84, and 2,4-DAPG-producing strain P. fluorescens Q2-87, respectively . 7. 2,4-DAPG and PCA were isolated from the rhizosphere of wheat colonized by strains that produce the antibiotics a, Bonsall et al., 1997 Thomashow et al., 1990) .
Detection of 2,4-DAPG-and PCA-producing fluorescent Pseudomonas spp.
Indigenous 2,4-DAPG-and PCA-producing fluorescent Pseudomonas spp. comprise only a small fraction of the total population of rhizosphere. This makes detection of these bacteria in soil samples by dilution plating, even on media selective for fluorescent pseudomonads (Gould et al., 1985; Simon and Ridge, 1974) , very difficult. In order to quantify 2,4-DAPG and PCA producers in TAD and conducive soils, Raaijmakers et al. (1997) developed genetic probes and primers specific for sequences within phlD and phzCD. Serial dilutions of root washings were plated on one-third strength King's medium B (King et al., 1954) supplemented with ampicillin, chloramphenicol, and cycloheximide (Simon and Ridge, 1974) and putative phlD + and phz + colonies were detected by colony hybridization using the specific probes. PCR primers Phl2a and Phl2b (specific for sequences in phlD) and PCA2a and PCA3a (specific for sequences in phzCD) were then used to confirm that cells from putative phlD + and phz + colonies indeed contained the target sequences indicative of 2,4-DAPG and PCA producers, respectively . The use of dilute KMB was important to the assay in order to reduce the size of the colonies and the amount of polysaccharide produced, thus enhancing the effectiveness of the colony hybridization. Subsequently, developed a PCR-based dilution-endpoint assay for quantifying 2,4-DAPG or PCA producers (Blouin Bankhead et al., 2004 ) that involves incubating aliquots of dilutions of root washings in media selective for fluorescent pseudomonads and identifying the terminal dilution in which a positive signal for phlD or phzCD occurred. In this assay, a new primer set, B2BF and BPR4, was developed to detect the 2,4-DAPG producers. demonstrated that the PCR-based dilution-endpoint assay and colony hybridization detect similar population densities of phlD + isolates in the rhizosphere, but the former method allowed much more rapid sample processing and was less sensitive to operator error. Recently, De La Fuente (2006 b) designed allele-specific primers for use with the PCR-based dilution-endpoint assay that allow quantification of population sizes of individual genotypes (see below) of 2,4-DAPG producers when multiple genotypes are present in the rhizosphere.
2,4-DAPG-producing Pseudomonas fluorescens are responsible for TAD in Washington State
The role of PCA or 2,4-DAPG producers in the suppressiveness of Washington TAD soils, was first explored by determining the frequency of these bacteria in the rhizosphere of wheat grown in Quincy, Moses Lake, and Lind TAD soils. PCA producers were not detected on the roots, whereas results from the following studies provided both microbiological and biochemical evidence that 2,4-DAPG-producing (phlD + ) Pseudomonas fluorescens play a key role in suppressiveness. 1. A population density of 10 5 CFU per gram of root of the 2,4-DAPG producer P. fluorescens Q2-87 (isolated from Quincy TAD soil) was shown to be the threshold required for suppression of take-all . 2. phlD + isolates were detected on roots of wheat grown either in the growth chamber or the field in the TAD soils at population densities (5 × 10 5 to 2 × 10 6 CFU/g of root) above the threshold level required for take-all control, but were below the threshold or not detected on roots grown in homologous conducive soils Raaijmakers and Weller, 1998) . 3. Successive cultivation of wheat in Quincy TAD and Quincy virgin soils in the growth chamber demonstrated a strong inverse association between the population size of indigenous 2,4-DAPG producers and the severity of take-all . 4. Pasteurization of Quincy TAD soil with moist heat (60 8C, 30 min) eliminated both phlD + isolates and suppressiveness . 5. Adding Quincy TAD soil to conducive soils in a ratio of 1 : 9 resulted in the establishment of population densities of phlD + isolates greater than 10 5 CFU/g of root and transferred suppressiveness to the conducive soils . 6. Cultivation of oats, a crop known to reduce suppressiveness to take-all, decreased the population density of 2,4-DAPG producers to levels below the threshold required for takeall control . 7. Introduction of the phlD + strain P. fluorescens Q8r1-96 (from Quincy TAD soil) into conducive soils at low doses (10 2 -10 4 CFU/wheat seed or g of soil) suppressed take-all equivalent to the level occurring in TAD soils . 8. 2,4-DAPG was isolated from roots of wheat grown in Quincy TAD soil (average concentration of 19 ng/g of root), but was not detected on roots grown in conducive Quincy virgin soil (Raaijmakers et al., 1999) .
Wider Role for 2,4-DAPG Producers in Plant Defense
In 1997 during a five-week field trip, D.M. Weller visited farmers across the US and found that many of them had opted for continuous wheat monoculture as a sustainable defense against take-all. From farms and research plots in Montana, North Dakota, Minnesota, New York, Kansas, and Oklahoma, soils were collected that had or had not undergone > 5 years continuous cropping to wheat. Later, wheat was grown in these soils under controlled conditions. Wheat grown in most (but not all) monoculture wheat soils supported densities of phlD + isolates that were above the threshold level (D. M. Weller, unpublished data) required for take-all suppression (10 5 CFU/g of root) ( Table 1) ; however, 2,4-DAPG producers on roots from non-monoculture soils were usually at or near the detection limit of 10 4 CFU/g of root McSpadden Gardener et al., 2000; Schroeder et al., 1998) . Especially striking were the differences in population densities of phlD + isolates on wheat grown in soil from side-by-side fields on the campus of North Dakota State University, Fargo, ND that had undergone either continuous wheat (enriched phlD + isolates) or crop rotation (including sugar beet, oat, sunflower, bean soybean corn, and fallow) (no enrichment) for over a century. De Souza et al. (2003 b) then demonstrated a role for 2,4-DAPG producers in suppression of take-all in two TAD fields in Woensdrecht, The Netherlands, which had undergone 14 and 27 years of continuous wheat. The Dutch findings are notable because 34 years earlier, Gerlagh (1968) suggested that TAD in polders "is governed by antibiotics from soil microorganisms". Collectively, the US and Dutch results indicate that enrichment of 2,4-DAPG producers may be an important mechanism of TAD in fields worldwide.
Enrichment of phlD
+ isolates by monoculture is not limited to wheat and barley. For example, Landa (2002 b) reported densities of phlD + isolates above the threshold level on roots of wheat and pea grown in soil from a field in Mt. Vernon, Washington (> 30 years of continuous pea monoculture) that is suppressive to Fusarium wilt of pea (Fusarium oxysporum f. sp. pisi) ( Table 1) . This soil is also highly suppressive to take-all a Soils were collected from the upper 30 cm of the soil profile, shipped to Pullman, Washington, in plastic buckets, air-dried, passed through a 0.5-cm mesh screen, and stored at room temperature. Wheat (cv. Penawawa) was grown in each soil for at least four cycles each lasting 3 weeks to activate the microflora and to assay for the phlD + genotypes present. At the end of each cycle the population density of phlD + isolates were assayed and their genotypes determined.
Isolates from Stillwater, OK, came directly from roots of wheat collected from the field. b Population density in the rhizosphere of wheat sown in each soil. c Quincy and Moses Lake fields were cropped continuously to wheat for 22 years until 1981. Since that time wheat has been grown every 3 -4 years. d Population density was not determined.
owing to the enrichment of the 2,4-DAPG producers. Suppressiveness and phlD + isolates were simultaneously eliminated by soil pasteurization, and both were established in a conducive soil by adding a small amount of the Mt. Vernon suppressive soil (R. Allende-Molar, J. M. Raaijmakers, and D. M. Weller) . Adjacent to the crop rotation fields at Fargo, North Dakota (described above), is a field sown continuously to monoculture flax for > 100 years. Population densities of phlD + isolates were > 10 5 CFU/g of root on flax and wheat grown in soil from this field .
Certain fields in the Morens region near Payerne, Switzerland, are naturally suppressive to black root rot of tobacco caused by Thielaviopsis basicola. Soil suppressiveness and fluorescent Pseudomonas spp. were eliminated by soil pasteurization and transferred by adding suppressive to conducive soil (Stutz et al., 1986) . Although 2,4-DAPG producers occur in both suppressive and conducive Swiss soils, suppressiveness is attributed to phlD + isolates comprising a significantly greater proportion of the fluorescent Pseudomonas spp. colonizing the roots of plants growing in the suppressive as compared with the conducive soils (30 -32 % vs. 6 -11 %) (Ramette et al., 2003) .
Genetic Diversity Among phlD + Pseudomonas fluorescens and Its Biological Significance
Characterizing genetic diversity
The genetic and phenotypic diversity present within 2,4-DAPG-producing P. fluorescens isolates collected from a variety of crops worldwide has been studied extensively by US and European scientists . Both Keel et al. (1996) and McSpadden Gardener et al. (2000) reported three distinct phylogenetic groups designated amplified ribosomal DNA restriction analysis (ARDRA) groups 1, 2, and 3 or A, B, and C, respectively. ARDRA groups 1 and 2 were distinguished by differences in the ability to produce pyoluterorin (Keel et al., 1996) , to utilize certain carbon sources (McSpadden Gardener et al., 2000; Wang et al., 2001) and to deamidate 1-aminocyclopropane-1-carboxylic acid (ACC) (Wang et al., 2001) . The well-described ARDRA group 1 strains P. fluorescens CHA0 and Pf-5 are known for producing a much broader range of biologically active metabolites than group 2 strains. The genome of strain Pf-5 was recently sequenced (Paulsen et al., 2005) . At present, the only known representative of ARDRA group 3 is strain F113 from Ireland (Fenton et al., 1992) . Genotyping based on genetic fingerprinting by random amplified polymorphic DNA (RAPD) analysis (Keel et al., 1996; Mavrodi et al., 2001 b; Picard et al. 2000; Raaijmakers and Weller, 2001) , denaturing gradient gel electrophoresis (DGGE) (Bergsma-Vlami et al., 2005 b) , wholecell repetitive sequence-based (rep)-PCR analysis McSpadden Gardener et al., 2000) , phlD restriction fragment length polymorphism (RFLP) analysis Mavrodi et al., 2001 b; Ramette et al., 2001; Wang et al., 2001) , and phylogenic analysis of phlD Mazzola et al., 2004) has revealed a considerable amount of variation among phlD + isolates (Keel et al., 1996; McSpadden Gardener et al., 2000; Picard and Bosco, 2003; Picard et al., 2000; Weller et al., 2002) , but clusters defined by the different methods correlate well. We recognize 22 different phlD + genotypes (designated A to T, PfY and PfZ) defined by rep-PCR with the BOXA1R primer (BOX-PCR) or RFLP and phylogenic analyses of phlD Landa et al., b, 2006 Mavrodi et al., 2001 b) ; and 17 of the genotypes are shown in Fig. 1 . Recent studies Bergsma-Vlami et al., 2005 b) suggest at least six more genotypes.
Genotypes are differentially enriched during crop monoulture
Multiple genotypes of phlD + isolates often occur in soil from a given field (Table 1) , but usually only one or two genotypes are dominant in the rhizospheres of plants grown in that soil. For example, all Washington State TAD soils studied contain genotype D plus genotypes B, E, and/or L, but genotype-D isolates comprise 50 -90 % of the phlD + isolates found in the rhizosphere of wheat (McSpadden Gardener et al., 2000; Raaijmakers and Weller, 2001; Weller et al., 2002) . The Fusarium wilt suppressive soil in Mt. Vernon, Washington, contains genotypes A, D, L, O, P, and Q, but genotypes D and P occur in the highest frequency . Finally, genotypes D, F, G, I, J, and T are found in the fields at Fargo, North Dakota (described above), but flax monoculture led to a dominance of F-(41 %) and J-(39 %) genotype isolates, whereas wheat monoculture resulted in a dominance of genotype-D isolates (77 %) . Given that the plant species and cultivars of a crop differentially modulate the composition and size of microbial communities in their rhizospheres, it appears that during monoculture the crop species exerts selective pressures on the "seed bank" of genotypes present in a soil leading to an enrichment of those best adapted to the roots of the crop grown .
Genotypes differ in rhizosphere competence
The dominance of genotype-D isolates in Washington State TAD soils led to the conclusion that this genotype is primarily responsible for suppressiveness . However, how could a single genotype of a single subspecies of P. fluorescens be the main driver of such a powerful natural suppression as TAD? The answer may involve the mutual "preference" or "affinity" that D-genotype isolates and wheat roots have for each other, which allows D genotypes to colonize the wheat rhizosphere substantially better than other genotypes present in the soil . Raaijmakers and Weller (2001) first demonstrated this mutual preference by comparing the rhizosphere competence of P. fluorescens Q8r1-96 (D genotype), Q2-87 (B genotype), and 1M1-96 (L genotype), strains typical of those found in Washington TAD soils. Each strain was introduced individually into conducive Quincy virgin soil at about 100 CFU/g of soil and grown to wheat for eight cycles. Each cycle lasted 4 weeks, and at the end of each cycle, plants were harvested, rhizosphere population sizes of the introduced bacteria determined, and the soil again was sown to wheat (Raaijmakers and Weller, 2001 ). Throughout the 8-month-long experiment, Q8r1-96 maintained population densities of 10 5 CFU/g of root or greater in the rhizosphere, similar to densities of phlD + isolates on wheat grown in Quincy TAD soil, and 100-to 1000-fold greater than densities of Q2-87 and 1M1-96. Inoculum of the take-all pathogen was added to all of the soils after the eighth cycle and the soils again sown to wheat. Take-all was controlled in the Quincy virgin with Q8r1-96 to the same extent as in a cycled Quincy TAD soil, but was not controlled in soils with Q2-87 or 1M1-96. Suppression by Q8r1-96 in this study resulted from its excep-tional root-colonizing ability, which allowed it to maintain population densities greater than 10 5 CFU/g root throughout the experiment. Strains Q2-87 and 1M1-96 failed to maintain threshold densities, although they were as suppressive as Q8r1-96 if present at or above the threshold level (Raaijmakers and Weller, 2001 ). Every D-genotype isolate tested to date has shown population dynamics on wheat similar to Q8r1-96 in greenhouse cycling experiments (Landa et al., 2003 and in field studies . Of the genotypes tested to date, only the K-genotype strain P. fluorescens F113, isolated from sugar beet in Ireland, showed population dynamics similar to D-genotype strains in the wheat rhizosphere.
To identify genotypes showing a preference for pea roots, phlD + isolates representing the genotypes A, D, E, L, O, P, and Q from the Mt. Vernon Fusarium willt suppressive soil and Quincy TAD soils were tested for ability to colonize the pea rhizosphere, when each strain was introduced individually into conducive Quincy virgin soil . Rhizosphere population densities of all D-and P-genotype isolates were significantly greater than densities of the other genotypes tested, and remained above 10 6 CFU/g of root during the 15-week cycling experiment. These results were consistent with the finding that D-and P-genotype isolates are enriched during pea monoculture and together indicate these genotypes have a preference for the pea rhizosphere . Collectively these studies on wheat (Landa et al., 2003) and pea suggest that genetic profiles generated by rep-PCR and RFLP analysis of phlD can be used as a predictor of the rhizosphere competence of 2,4-DAPG producers on certain crops. The plant and bacterial genes facilitating these unique interactions are a topic of considerable interest .
The differences in rhizosphere competence among genotypes is surprising since most genotypes produce similar amounts of 2,4-DAPG in vitro and in situ; and they are very similar by fatty acid methyl ester analysis, classical bacteriological tests, and substrate utilization profiles (McSpadden Gardener et al., 2000, Raaijmakers and Raaijmaker et al., 1999) .
The crop species modulates competitive interactions among genotypes
Besides enriching for certain phlD + genotypes during continuous crop monoculture, crop species also effect the competitive interactions among genotypes in the rhizosphere. De La Fuente et al. (2006 a) introduced mixtures of strains P. fluorescens Q8r1-96 (genotype D), F113 (genotype K), and MVP1-4 (genotype P) into the soil and grew 3-week cycles of wheat or pea. Allele-specific primers were used to monitor the population dynamics of each strain. All strains introduced individually were fairly similar in ability to colonize the rhizosphere of wheat and pea. However, when introduced together, the outcome of the interaction depended on the crop. In mixed inoculations, strain F113 was significantly more competitive than Q8r1-96 in the wheat rhizosphere, but no difference occurred on pea. Strain Q8r1-96 was significantly more competitive than MVP1-4 on wheat, but the opposite occurred on pea. In the wheat rhizosphere, the population of strain MVP1-4 dropped below the detection limit in the presence of F113, but on pea, MVP1-4 was significantly more competitive than F113. When all three strains were introduced together, F113 out-competed Q8r1-96 and MVP1-4 on wheat, but MVP1-4 out-competed the other two strains on pea.
A competition experiment based on the de Wit replacement series (Wilson and Lindow, 1994) was used to assess whether direct antagonism is involved in the interactions between genotypes in the rhizosphere. Strains Q8r1-96 (genotype D) and Q2-87 (genotype B) were introduced into the soil at different proportions and wheat was grown (Landa et al., 2003) . Statistical analysis of soil and rhizosphere populations demonstrated a competitive disadvantage for strain Q2-87 or strong antagonism by strain Q8r1-96 against Q-87. Forty-seven 2,4-DAPG producers from 17 genotypes were then screened for antagonistic activity associated with the production of bacteriocins. Upon induction, over 70% of the strains inhibited the growth of other strains in vitro (Validov et al., 2005) . Pairs of bacteriocin-sensitive and antagonistic phlD + strains were then introduced into the soil. In some cases, population sizes of sensitive strains in the wheat rhizosphere declined more rapidly in the presence of antagonist strains than when the strains were introduced alone, suggesting that direct inhibition of one genotype by another may occur in the rhizosphere.
Basis of the Enrichment of 2,4-DAPG Producers in TAD Soils
It was surprising to find a common link in the mechanism of suppression among Washington State TAD soils given the differences in soil type and management practices and the large distances between fields. For example, the Quincy TAD field is about 207 km from the Pullman TAD field, with the former conventionally cultivated and furrow irrigated and the later direct seeded and in a moderate rainfall zone. Exactly how 2,4-DAPG producers are enriched during wheat monoculture and following an outbreak of take-all remains unknown but is a focus of current research. One possibility is that most soils have populations of phlD + isolates that are below the threshold density required for pathogen suppression. Diseased roots with take-all lose substantially more nutrients through lesions than do healthy roots, leading to an enrichment of 2,4-DAPG producers over years of monoculture until population densities reach a threshold level. However, this alone cannot account for the dominant role of 2,4-DAPG producers in TAD soils because other bacteria also increase on roots with take-all lesions (Cook and Weller, 1987; de Souza et al., 2003 b) and other pathogens, which do not stimulate TAD, also cause lesions that stimulate rhizosphere bacteria. The unique affinity of D-genotype isolates for wheat roots undoubtedly contributes to their persistence for long periods of time at population densities above the threshold level in the rhizosphere. However, when the phlD + populations drop below the threshold level, root infection by the pathogen increases, and the lesions again stimulate the phlD + population. The advantage that phlD + isolates may have over other bacteria, especially D-genotypes, is the ability to respond more rapidly to the flushes of nutrients that occur when take-all lesions are formed. In a TAD field, disease incidence and severity is never reduced to zero but infection is kept to a low level, thus take-all lesions are always forming. Isolates of other genotypes probably play a supportive role in the process of take-all suppression on the roots during the parasitic phase of G. graminis var. tritici, but they may have a more important role in suppression during the saprophytic phase, while the pathogen is in the debris and during growth to the roots of the next host . ) fluorescent Pseudomonas spp. Two independent amplifications were used for each isolate. To date, 22 different genotypes (A -T, PfY and PfZ) have been resolved using these methods (17 are shown here, genotypes A -Q) but further searching undoubtedly will identify additional genotypes. Genotypic groups defined by these two methods correlate nearly perfectly.
(A) The UPGMA algorithm was applied to the similarity matrix generated from the tracks of the whole patterns by using the pairwise Pearson's product-moment correlation coefficient (r value). The similarity coefficient used to define distinct groups is noted ( * ). (B) The UPGMA algorithm was applied to the similarity matrix generated with the Dice coefficient. A 100-bp DNA size standard ladder is shown at the top. The requirement of a threshold population density of 10 5 CFU/ g of root for take-all suppression may be related to the finding that for densities of strain Q2 -87 ranging from 10 5 to 10 7 CFU/ g of root, the total amount of 2,4-DAPG produced on roots of wheat is proportional to the rhizosphere population density and production per population unit is a constant (0.62 ng/ 10 5 CFU); but 2,4-DAPG was not detected in the rhizosphere at densities of less than 10 5 CFU (Raaijmakers et al., 1999) .
Improving Biological Control
The application of root-colonizing bacteria (rhizobacteria) to seed, soil, and vegetatively propagated plant parts has been studied intensively for the past 30 years. Although the number of commercially available biocontrol products is steadily increasing, inconsistent performance by biocontrol agents remains a major impediment of wider adoption of the technology for disease control (Weller and Thomashow, 1994) . For example, biocontrol rhizobacteria may perform well in one location or field season but not the next, owing to a wide range of biotic and abiotic factors in the soil environment that can adversely impact root colonization, expression of genes involved in biocontrol and/or activity of biocontrol metabolites (Duffy et al., 2003; Landa et al., 2001 Landa et al., , 2004 Lutz et al., 2004; Ownley et al., 1992 Ownley et al., , 2003 Notz et al., 2002; Weller, 1988; Weller and Thomashow, 1994) . One of the primary factors contributing to inconsistent performance is variable root colonization (Weller, 1988; Weller and Thomashow, 1994) . With few exceptions introduced rhizobacteria initially establish high population densities in the rhizosphere and then decline with time and distance from the inoculum source, comprising a progressively smaller proportion of the total rhizosphere microflora (Bakker et al., 1986; Kluepfel, 1993; Mahaffee et al., 1997; Weller, 1983; Weller and Thomashow, 1994) . Eventually population densities drop below the threshold required for disease suppression. The positive relationship between root colonization and biocontrol and growth promotion, and the need for rhizobacteria to establish and maintain threshold population densities to be effective are well documented (Bull et al., 1991; Chin-A-Woeng et al., 2000; Johnson, 1994; Johnson and DiLeone, 1999; Raaijmakers et al., 1995; Raaijmakers and Weller, 1998) .
The finding that some phlD + genotypes have a preference for the roots of certain crop species represents a major advance in the development of biocontrol agents: these strains can be applied at very low doses (10 2 -10 4 CFU/seed or g of soil) and will maintain threshold population densities in the rhizosphere on inoculated crops throughout the growing season and during subsequent seasons. This phenomenon has been demonstrated in the field at Pullman, WA, where D-genotype isolates introduced into a take-all conducive field only once as a seed treatment were still aggressively colonizing the rhizosphere of wheat three seasons later (D. M. Weller, unpublished data) . It now appears likely that this approach can be used to accelerate the onset of TAD.
Strains of certain genotypes will be ideal vectors for the construction of recombinant biocontrol agents. For example, the PCA biosynthetic operon phzABCDEFG from P. fluorescens 2-79 was randomly and stably introduced into the genome of the D-genotype strain P. fluorescens Q8r1-96 resulting in the transgenic strains Z30-97, Z32-97, Z33-97, and Z34-97, all of which produced both 2,4-DAPG and PCA in vitro and in the rhizosphere of wheat. No recombinant derivative provided greater suppression of take-all than did Q8r1-96 since the take-all pathogen is already highly sensitive to 2,4-DAPG (complete inhibition at 3 μg/ml) and Q8r1-96 is undoubtedly "finely tuned" to suppress take-all. However, the recombinant strains were significantly more effective than Q8r1-96 against Rhizoctonia root rot (Rhizoctonia solani AG-8) and they were suppressive even at doses as low as 10 2 CFU/ seed (Huang et al., 2004) . Rhizoctonia solani is highly sensitive to PCA (complete inhibition at 1 μg/ml) (Gurusiddaiah et al., 1986) but rather insensitive to 2,4-DAPG (inhibition at 60 μg/ ml). The rhizosphere competence of the transgenic derivatives remained similar to that of Q8r1-96 (Blouin Bankhead et al., 2004; Huang et al., 2004) . Thus, in theory, a one-liter culture of one of these transgenics at 10
10 CFU/ml, should be sufficient to treat the wheat seed (at 10 2 CFU/seed) needed to plant 4000 ha of wheat and obtain suppression or Rhizoctonia root rot (Huang et al., 2004) .
Conclusions
Antagonistic microorganisms, which are selected and enriched by nutrients released from plant roots, provide the first line of defense against many soilborne pathogens causing root rots, crown rots, and wilts. Suppressive soils, some of the best examples of natural plant defense, represent a very rich yet underutilized resource worldwide for controlling soilborne pathogens of food, fiber, and ornamental crops. The microorganisms that are responsible for protecting roots against pathogens utilize a wide array of mechanisms and show varying degrees of sophistication in their interactions with plant roots. Of all nonpathogenic pseudomonads, phlD + Pseudomonas fluorescens have developed some of the most sophisticated relationships with roots of their host plants and serve as models for understanding natural pathogen suppression in the rhizosphere. As we obtain better insight into all of the factors involved in this phenomenon, including the antagonistic microorganisms involved, biocontrol mechanisms utilized, and genes governing the microorganism-plant interactions, it will be possible to more readily identify examples of natural disease suppressiveness in soils or enhance the microbial defenses against soilborne pathogens that naturally exist in most soils. Armed with this information, farmers worldwide will be able to better manage diseases caused by soilborne pathogens and reduce off-farm inputs of chemical pesticides often applied to control them. In addition, suppressive soils are rich reservoirs in which to search for new biocontrol agents and novel biocontrol mechanisms. These biocontrol agents can then be applied when necessary to augment the natural antagonism occurring in the rhizosphere or speed the development of natural disease suppressiveness in soil.
